Studies in experimental animals and post mortem studies in humans have indicated that the level of the mitochondrial enzyme cytochrome oxidase within brain anatomical pathways is regulated by the long-term functional use of those pathways. To study this relation ship, we have measured cytochrome oxidase spectropho tometricaliy in punch biopsies from different brain re gions of rat. We compared these assays against results from the diaminobenzidine histochemical technique. We found a high degree of correlation (r = 0.90) between the density of diaminobenzidine reaction product and en zyme activity. This validates the usefulness of the di amino benzidine technique for anatomical localization and measurement of this enzyme. To study the feasibility of using radioactive cyanide as an in vivo ligand of cyto-
Recent studies of several mitochondrial enzymes have found that their activity within an anatomical system is regulated by the amount of functional ac tivity in that system. Wong-Riley and co-workers used the diaminobenzidine histochemical technique for localizing cytochrome oxidase and found evi dence that levels of activity in sensory systems be came permanently reduced following lesions re moving sensory input (Wong-Riley, 1976 , 1979 Wong-Riley et aI., 1978; Wong-Riley and Welt, 1980) . In addition, even short-term blockade of ac tion potentials with tetrodotoxin injections into the eye were found to cause a reversible decrease in chrome oxidase, we performed quantitative autoradio graphic analysis of rat brains of animals given an intra venous bolus injection of [14Cjcyanide. Analysis of the arterial blood curve indicated a complex redistribution of cyanide between red blood celis, plasma, and tissues. Brain labeling reached peak levels at 1 min and then fell despite rising concentrations of free plasma cyanide. Analysis of autoradiographic images revealed good ana tomical resolution. The density of labeling in individual structures over time failed to show a strong correlation with cytochrome oxidase activity or diaminobenzidine reaction product. Key Words: Brain mitochondria-Cy anide-Cytochrome oxidase-Diaminobenzidine histo chemistry -Functional anatomy. diaminobenzidine stallllllg in visual pathways (Wong-Riley and Riley, 1983) . Horton and Hedley Whyte (1984) used the diaminobenzidine method on visual cortex from human autopsy specimens. Specimens from normal binocular humans had a ho mogeneous pattern of staining. Visual cortex from humans having one eye in life were found to have alternate light and dark staining of ocular domi nance columns. Dietrich et al. (1981) reported finding a decrease in several energy metabolism en zymes in the barrel field of mouse sensory cortex following removal of the contralateral facial whis kers. In a subsequent study (Dietrich et aI., 1982) , these workers found a relative increase in select enzymes (citrate synthase, malate dehydrogenase, glycogen phosphorylase) in response to increased whisker activity. Marshall et al. (1981) found that lesions of the substantia nigra dopaminergic system caused a reduction in activity of succinic dehydro genase in first-order projection sites in striatum, but an increase in second-order sites in globus pallidus, entopeduncularis, and substantia nigra, pars reti culata. Ta ken together, these few studies suggest that the brain regulates enzymes of energy metab olism throughout polysynaptic connections in ac cordance with the functional level of activity.
To study this process, we have examined the validity of two anatomical methods for measuring and localizing brain cytochrome oxidase. First, we wished to determine the relationship between direct spectrophotometric assays of tissue cytochrome oxidase and diaminobenzidine histochemical staining. Although previous studies have found that the diaminobenzidine reaction product precipitates on inner mitochondrial membranes (Seligman et aI., 1968) , apparently not all mitochondria react equally (Ribak, 1981) . In addition, despite the wide appli cation of this technique, measurements of the den sity of staining have never been compared against tissue enzyme levels. Most studies in the literature have used subjective criteria to judge changes in histochemical staining.
Second, we have been interested in exploring the use of radioactive cyanide as a potential in vivo ligand of cytochrome oxidase. The cyanide ion forms a tight but transient association with the iron of the iron-porphyrin prosthetic group of cyto chrome oxidase. Dissociation constants are esti mated between 10-6 and 10-4 (Solomonson, 1981) . We wished to explore the feasibility of developing a quantitative autoradiographic technique using [14C]cyanide e4CN) as a ligand.
[IIC]Cyanide has been used as a positron emitter in preliminary studies of heart metabolism (Myers et aI., 1973) , and theoretically might be extended to studies of the functional heterogeneity of cytochrome oxidase of primate brain, including humans (Too tel et aI., 1983; Horton and Hedley-Whyte, 1984) . Prelimi nary observations from our work have appeared in abstract form (Collins et aI., 1982 (Collins et aI., , 1983 Darriet et aI., 1985) .
MATERIALS AND METHODS
Adult Sprague-Dawley rats weighing -300 g were used in these experiments and were killed by decapitation or barbiturate for the different parts of the studies.
For the assay of cytochrome oxidase activity, brains were frozen in Freon and coronal sections were cut in a cryostat at 300-fLm thickness. These were placed on cold glass slides and a 1.2-mm internal diameter punch was used to remove 12 gray and 3 white matter structures. Specimens were homogenized at 4°C in 200 fLl of 0.05 M phosphate buffer, pH 7. 1, containing 0.75% desoxycho late and were assayed the same day for activity. The spec trophotometric method described by Hess and Pope (1953) was used with minor modification. Briefly, aliquots of tissue homogenate were added to 750 fLl of a reaction mixture of freshly prepared reduced cytochrome c in phosphate buffer, pH 7. 1, at 22°C. The oxidation of cy tochrome c was measured every 15 s for 3 min at a wave length of 550 fLm. The rate of change of specific absorp tion of reduced cytochrome c is a measure of its rate of oxidation and is expressed as fLmole of cytochrome c oxidized per milligram protein per hour. Protein was de termined by the method of Lowry et al. (1951) .
Diaminobenzidine histochemistry was carried out on 20-fLm coronal brain sections using the technique of Wong-Riley (1979) . For these assays brains were pre pared by perfusion fixation with a 0.1 M phosphate-buff ered solution, pH 7.3, containing 1% glutaraldehyde, 3% paraformaldehyde, and 4% sucrose. The brain was frozen and sections were mounted directly onto cover glasses. These were incubated in the dark at 38°C for 2 h in 0. 1 M phosphate buffer, pH 7.4, containing 0.05% 3,3'-di aminobenzidine tetrahydrochloride (Sigma) and 0.25 mg/ ml cytochrome c Sigma, type III). In this reaction, cy tochrome c becomes enzymatically reduced by electron transfer from diaminobenzidine. As diaminobenzidine is oxidized, it polymerizes and precipitates as a dense brown reaction product. At the end of the incubation, sections were rinsed, air dried, and placed on glass slides. Optical density measurements were made through areas of interest using a computer-based image-processing system (Toga et aI., 1984) . The diaminobenzidine-stained sections were first digitized and displayed on a monitor. A 1.2-mm-diameter cursor was then placed over the same structures selected by punch biopsy for the cytochrome oxidase assays (see above). Optical density measure ments were made on brains from five animals prepared in identical fashion.
For studies with 14CN, animals were first anesthetized with halothane, and PE-50 catheters were placed in the femoral artery and vein. The rats were then lightly re strained on a lead brick and allowed 3 h to recover. An imals were given 0.25 U heparin i. v. 14CN ([14C)NaCN, Values are means ± SO. Coefficient of correlation, cyto chrome oxidase versus diaminobenzidine, 0.90. 50 mCi/mmol; New England Nuclear) was injected intra venously in 100 fLl citrate-buffered saline. pH 7, over I s at a dose of 100 fLCi1300 g rat. For each group of animals, arterial blood samples were collected up to the time of decapitation at 45 s, I, 2.5, and 6 min.
The blood samples collected at each time point were assayed for total radioactivity (nCi/ml) in whole blood and plasma. In addition, aliquots of samples were acidi fied with 5 N HCI and evaporated to drive off "free" 14CN as volatile HCN. Free 14CN in whole blood and plasma was calculated as the difference between total ra dioactivity and that remaining after acidification and vol atilization.
For 10 animals, one-half of the brain was frozen and used for autoradiographic processing. Coronal sections were cut at 20 fLm and submitted for exposure to x-ray film along with radioactive standards. Films were devel oped at 2 weeks. Measurements of tissue radioactivity (nCi/g) were made in select structures using the same image analysis approach used for diaminobenzidine his tochemistry. The other half of each brain was used to assay radioactivity by liquid scintillation counting. In ad-B I �.� ( 7 dition, in these animals, the heart, lung, liver, and kidneys were also analyzed to determine repartition of 14CN within the body. Both total and free 14CN were deter mined for each organ.
RESULTS

Brain cytochrome oxidase activity
Brain cytochrome oxidase activity determined on punch biopsy specimens from brain are indicated in Ta ble 1. Representative sites of the biopsies are il lustrated on the thionin-stained sections in Fig. 1 . There were no significant left -right differences in the assays. In general, gray matter structures had three to five times more activity than white matter. The highest level was found in the periaqueductal gray matter in the midbrain and the lowest level was in the optic nerve.
Sections stained with diaminobenzidine histo chemistry for localization of cytochrome oxidase correspond to some of the sites listed in Table 1 that were assayed for cytochrome oxidase spectrophotometrically. 5, putamen; 6, globus pallid us; 7, ventrobasal thalamus; 8, visual cortex; 9, auditory cortex; 10, superior colliculus; 11, medial geniculate; 12, periaqueductal gray matter.
revealed a high degree of resolution (Fig. 1) . Staining of white matter was quite low, giving a striking accentuation of fiber tracts as they passed through gray matter, such as those in the densely stained putamen (Fig. 1, row A) . In the hippo campus the perforant pathway showed the greatest activity, especially in the molecular layer overlying the internal blade of the dentate gyrus (row B) . As many as nine laminations could be differentiated within the ventral hippocampus (row C) , indicating that variations in enzyme density reflect differences in cell density and laminar connections within neu ropil.
Measurements of optical density through the gray and white matter structures revealed a similar gray white ratio as with the enzyme assays. When the optical densities for all 15 structures were compared to their values of cytochrome oxidase activity, the coefficient of correlation was 0.90.
Tissue labeling with 14CN
Blood 1 4CN. Following an intravenous pulse in jection of 14CN , whole-blood radioactivity falls rap idly to reach a plateau phase at 30 s (Fig. 2) . In this early period, 14CN levels in red cells (calculated from whole-blood and plasma levels and hemato crit) are approximately twice plasma levels. Beyond 1 min plasma free cyanide slowly rises as red cell levels fall.
Tissue l4CN. The distribution of 14CN within or gans up to 2.5 min is indicated in Ta ble 2. There is about the same concentration of 14CN in the blood, kidney, and lung, indicating a rapid equilibrium be tween the blood and these different organs. There is no accumulation in these organs as a function of time. The total radioactivity is higher in the liver Values are the means of three rats.
than the kidney. The concentration of the total ra dioactivity in the brain remains much below that in these other organs. At 1 min, most of the radioac tivity in brain is free 14CN. Lower values in other organs probably reflect the rapid metabolism of cy anide to nonvolatile products. l4CN brain autoradiography. Autoradiographic analysis of brains performed on animals sacrificed at 1 min showed good anatomical resolution (Fig.  1 ). When these are compared visually with similar diaminobenzidine sections, several interesting fea tures emerge. First, the gray-white differentiation is not as sharp in the autoradiograms, such that fiber tracts seem somewhat blurred. Second, sev eral structures show dense labeling by both methods: putamen (5, row A) , ventrobasal thalamus (7, row B) , the perforant pathway of hippocampus, the red nucleus, and the substantia nigra, pars re ticulata (row C). Third, there are clear differences between the results of the two methods. The rela tive density of cortical labeling is lower using 14CN. This is particularly striking in ventral limbic re gions, including the amygdala (row B), where the autoradiographic density is relatively pale. In ad dition, the lamination within the cortex is different, with a higher density of diaminobenzidine staining in deep layers, compared to dense labeling with 14CN in middle cortical layers. In the midbrain (row C), the relative density of diaminobenzidine staining in the periaqueductal gray is much greater than the relative density of 14CN.
Tissue radioactivity was measured for 14 struc tures at four time points by image analysis. Blood radioactivity within each structure was calculated using the values for blood volume reported by Cremer and Seville (1983) and the blood radioac tivity at the time of decapitation. Blood radioac tivity within tissue amounted to < 10% of the tissue counts. These values were subtracted from tissue radioactivity to give brain radioactivity. Finally, percentage extraction was then calculated as brain radioactivity (nCi/g) divided by free plasma cyanide (nCi/ml). These values are reported in Ta ble 3. This calculation is thought to be the best expression of brain labeling from the plasma precursor pool at the time of death.
To test whether regional values of brain labeling are related to regional variations in tissue cyto chrome oxidase activity, extraction values were compared against enzyme activities and diamino benzidine staining. Only a weak correlation (r = 0.68-0.75) was found for animals sacrificed at I and 2.5 min after 14CN injection (Table 3) . When these values are considered together with the differences noted between the images of diaminobenzidine staining and autoradiography, it is clear that factors in addition to tissue cytochrome oxidase determine brain labeling with 14CN.
DISCUSSION
In these experiments we have found a good cor relation between enzymatic and histochemical methods for assaying regional differences in brain cytochrome oxidase activity. With the diaminoben zidine histochemical stain, there was up to a lO-fold difference between gray and white matter struc tures and a 70% variation among gray matter struc tures. This method allows direct visualization of dif ferences in enzymatic activity, and when analyzed by image analysis techniques the magnitude in dif ferences can be measured.
The explanation for regional variations in enzyme activity remains to be determined. Lesion studies (see the introductory section) indicate that levels of this enzyme are partly controlled by the needs of energy metabolism to support functional activity. In general, a long-term decrease in functional activity is associated with a decrease in enzyme levels. In preliminary studies we found poor correlation be tween the pattern of regional differences in glucose utilization ([14C]2-deoxyglucose autoradiography) and diaminobenzidine histochemistry (Collins et aI., 1983) . As diaminobenzidine histochemistry is an in situ measurement of enzyme rate under max imal conditions, it is perhaps best thought of as an expression of a "capacity" for energy metabolism. By contrast, the pattern of deoxyglucose autora diography is an expression of uptake and phos phorylation partly in support of momentary changes in energy utilization. There is very likely a complex relationship between structural markers and func tional markers of "energy metabolism."
),-Aminobutyric acid-ergic nerve terminals con tain a high density of mitochondria (Iversen and Bloom, 1972) . Using the diaminobenzidine stain, Hendrickson et al. (1981) found that patches of cy tochrome oxidase activity in primate visual cortex overlapped immunohistochemical patches of glu tamic acid decarboxylase activity, an enzymatic marker for ),-aminobutyric acid-ergic interneurons. This would suggest that regional differences in di- Values are means ± SD, expressed as percentage extraction. defined here as brain radio activity [total minus brain blood (nCi/g)) divided by plasma free 14CN (nCi/ml). Brain structures are the same as in Table I . Total brain radioactivity was measured by quantitative image analysis of the autoradiograms. DAB. diaminobenzidine.
J Cereb Blood Flow Metabol, Vol. 6, No.1, 1986 aminobenzidine staining reflect partly regional dif ferences in inhibitory neurons or processes (Wong Riley, 1976 , 1979 . Understanding these relation ships between energy metabolism, mitochondrial enzymes, and inhibitory activity requires further experimentation.
Our studies with 14CN revealed complex relation ships among distribution and metabolism within the body. The relative distribution of 14CN among body organs at 1 min found in this study is main tained at later time points, as reported by Crawley and Goddard (1977) and Okoh and Pitt (1982) . This is summarized in Ta ble 4. In addition, except for brain, a large percentage of the radioactivity had been converted into nonvolatile products in these organs by 1 min, indicating rapid metabolism of 14CN following intravenous irtiection.
Cyanide is a normal part of our environment (Vennesland et aI., 1981) and can be found in minute amounts in blood (0-14 f,Lg/I00 m\) (Feldstein and Klendshoj, 1954) . It is metabolically active and forms complexes with vitamin B 1 2, or can be oxi dized directly to formate and CO2 (Boxer and Rick ards, 1952) . A major pathway for detoxification is through sulfurtransferase reactions. Rhodanese catalyzes the transfer of sulfur from thiosulfate to cyanide forming thiocyanate, SCN (Volini and Al exander, 1981) . Cystine and l3-mercaptopyruvate can react as well (Wood and Fiedler, 1953; Wood and Cooley, 1956) . Cyanide can be formed from SCN either by the reverse reaction of rhodanese or peroxidases reacting with methemoglobin or oxy hemoglobin (Westley, 1981) . Cyanide and SCN come into equilibrium in the blood (Pettigrew and Fell, 1973) . The reaction of cyanide with sulfane sulfur to form thiocyanate is thought to be the most important initial reaction (Westley, 1981) .
When the relative distribution of 14CN among or gans is compared against the relative distribution of cytochrome oxidase, no relationship is found (Table  5 ). But when the same type of comparison is made against the distribution of cyanide-metabolizing en zymes (Koj et aI., 1977) , a good relationship is Values are percentages of the injected dose. Values given for 1 and 24 h from Crawley and Goddard (1977) and values for 9 h from Okoh and Pitt (1982) . Hess and Pope (1953) ] the data were normalized to the heart. For comparison of 14CN distribution versus cyanide-metabolizing enzymes Ivalues from Koh el al. (1977) ]. the data were normalized to the liver.
found. This indicates that the metabolism of cya nide, rather than its binding to cytochrome oxidase, plays a major role in its pattern of distribution among organs even at very e.arIy time points.
As low plasma concentrations of SCN do not sig nificantly accumulate in the brain (Streicher, 1961) , it is unlikely that this peripheral metabolite of 14CN influenced the pattern of brain radioactivity found in our experiments. Nevertheless, we were unable to find a good correlation between brain in vivo labeling with 14CN and the regional distribution of brain cytochrome oxidase activity. Our studies sug gest the interplay of several factors in the distribu tion pattern. First, there was a complex relationship between blood 14CN and brain. Immediately fol lowing injection, the major portion of 14CN moved into red cells, probably reflecting binding with he moglobin iron. With time, red cell 14CN moved back into plasma, such that this precursor pool for brain actually rose slightly over several minutes. Regard less, brain 14CN levels fell progressively beyond 1 min. This could indicate a rapid and reversible as sociation of cyanide with brain cytochrome oxidase (Schubert and Brill, 1968; Solomonson, 1981) .
Second, recent studies by Mimori et al. (1984) have extended earlier observations of Koj et al. (1977) and determined the regional distribution of rhodanese in brain. It is of interest to note that the levels of this enzyme were found to be higher in white matter (corpus callosum and optic nerve) than cerebral cortex. Although cerebral metabolism of 14CN would have played some role in the distribu tion of radioactivity in our experiments, finding higher levels in gray compared with white matter suggests this influence would be minor at early time points. At later time points, however, the regional distribution of rhodanese may relate to the delayed neurotoxic effects of cyanide on white matter (Bass, 1968; Funata et aI., 1984) . Other iron-containing en zymes, (Solomonson, 1981) as well as nonhematin iron (Hill, 1982) , might also influence the distribu tion of brain radioactivity from 14CN over time. The relative influence of all these different factors would require further experimentation. A major conclu sion of the present studies is that 14CN labeling in brain is not simply a reflection of the distribution of cytochrome oxidase activity.
